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============

Topological insulators are bulk insulators with a metallic surface state^[@CR1]^. Provided that the system stays in the same symmetry class of the Hamiltonian^[@CR2]^, it is fundamentally impossible to follow a path from this topologically distinct phase of matter to a trivial phase without closing the insulating bulk band gap. For a strong topological insulator, metallic surface states are necessarily present at the boundary to a trivial insulator as, for example, air or vacuum. These topological surface states are protected by time-reversal symmetry and their energy vs. momentum dispersion mimics quasirelativistic, massless particles, with the shape of a Dirac cone and a peculiar helical spin texture^[@CR1]--[@CR4]^. The topological classification is given by the so-called Z~2~ invariant *ν* ~0~, which for odd number of Dirac cones is *ν* ~0~ = 1, giving rise to strong (Z~2~) topological insulators, but for even number of cones is zero, characterizing weak topological or trivial insulators^[@CR5],\ [@CR6]^.

It is possible to transform a strong (Z~2~) topological insulator to a trivial insulator by alloying as has been shown for Bi~2~Se~3~:In^[@CR7],\ [@CR8]^ and BiTl(S~1−*x*~Se~*x*~)~2~ ^[@CR9]^. The fundamental principle of bulk-boundary correspondence dictates again that this topological phase transition proceeds through a transition point where the bulk band gap closes. In this picture, it is supposed that the crystal symmetry is maintained through the phase transition. However, the crystal symmetry itself can protect topologically distinct phases as well, termed topological crystalline insulators (TCIs)^[@CR5],\ [@CR10]--[@CR14]^. For TCIs, the decisive role of the crystal symmetry renders the topological protection dependent on the specific crystal face^[@CR10]^. The topological invariants allow for an even number of Dirac cones, which are, however, not robust against disorder^[@CR5]^. Pb~1−*x*~Sn~*x*~Se and Pb~1−*x*~Sn~*x*~Te represent such mirror-symmetry protected TCIs with fourfold valley degeneracy^[@CR5],\ [@CR11]^ in which the trivial-to-TCI phase transition is reached for sufficiently large Sn contents^[@CR10],\ [@CR15]^. Upon cooling, the lattice contracts and the enhanced orbital overlap leads to an inverted (i.e., negative) bulk band gap, which, via bulk-boundary correspondence, gives rise to Dirac cone surface states. This has impressively been shown by temperature-dependent angle-resolved photoemission (ARPES)^[@CR15]^.

On the other hand, there are crystals that are not necessarily topological, but change their symmetry and their electronic properties with temperature. Such phase-change materials have been studied intensively for non-volatile data storage because their properties can be altered dramatically at the structural phase transition^[@CR16]^. GeTe is such a prototypical material^[@CR16],\ [@CR17]^ that transforms upon cooling from the cubic rock salt to a rhombohedral structure characterized by a large relative sublattice displacement. This gives rise to pronounced ferroelectricity of GeTe^[@CR18]^ and has recently been found to allow for an electrical switching of electronic properties^[@CR19]^. Symmetry changes are potentially very interesting also for topological insulators. In fact, it has been shown for the TCI Pb~1−*x*~Sn~*x*~Se that by breaking of mirror symmetries two out of the four Dirac cones at its (100) surface can be gapped^[@CR11],\ [@CR20]--[@CR22]^. In that case, the topological phase remains, however, unchanged by the symmetry breaking and the Z~2~ invariant stays even. It is crucial for the present work to note that in principle the topological phase does not need to be preserved by a distortion. Indeed, topological phase transitions have recently been predicted for two-dimensional TlSe^[@CR23]^ and three-dimensional SnTe by distortions^[@CR24]^ and by finite-size effects^[@CR25]^.

Here, we investigate the band topology of the (111) surface of Pb~1−*x*~Sn~*x*~Se by cooling through the complete trivial to topological phase transition. We demonstrate a new type of phase transition from crystal-symmetry-protected to time-reversal symmetry-protected topology controlled by Bi incorporation. We show that when Bi is introduced in the bulk making the system *n*-type, a gap is opened up at the one Dirac cone at the center of the surface Brillouin zone at $\documentclass[12pt]{minimal}
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                \begin{document}$${\bar{\rm M}}$$\end{document}$ points at the zone boundaries behave as in pure Pb~1−*x*~Sn~*x*~Se, that is, are gapless at low temperature. Our findings provide the first experimental evidence for a topological phase transition from a TCI with an even number of Dirac cones to a Z~2~ time-reversal symmetry-protected strong topological insulator where the number is odd (three). Following the recent prediction^[@CR24]^, the origin of the novel topological phase transition is interpreted as due to a sublattice shift and rhombohedral distortion along the \[111\] direction, which lifts the bulk band inversion only at the *Z*-point (*L*-point in the undistorted phase) projected onto $\documentclass[12pt]{minimal}
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                \begin{document}$$\bar \Gamma $$\end{document}$. At the same time, we do not find any evidence for a bulk band gap closing across the phase transition, most likely, because the rhombohedral distortion does not leave the system in the same symmetry class where the TCI is defined.

Results {#Sec2}
=======

Effect of temperature and Sn concentration {#Sec3}
------------------------------------------

We have grown both undoped and Bi-doped epitaxial (111) Pb~1−*x*~Sn~*x*~Se films of high quality by molecular beam epitaxy (see Supplementary Fig. [1](#MOESM1){ref-type="media"}--[6](#MOESM1){ref-type="media"} and Supplementary Notes [1](#MOESM1){ref-type="media"}--[4](#MOESM1){ref-type="media"} for details). The samples were capped in-situ by a thin Se layer to protect the surface during transport to the ARPES setup, where the cap was desorbed by annealing (see also "Methods" section and Supplementary Note [5](#MOESM1){ref-type="media"}). ARPES measurements were performed using linearly polarized light incident on the sample under the geometry shown in Fig. [1a](#Fig1){ref-type="fig"}, which also depicts the bulk and (111) surface Brillouin zones of rock salt Pb~1−*x*~Sn~*x*~Se. In contrast to the natural (100) cleavage plane of bulk crystals previously studied^[@CR12],\ [@CR13],\ [@CR15],\ [@CR26]^, for the (111) orientation, the four bulk *L*-points project on the following four time-reversal invariant surface momenta: $\documentclass[12pt]{minimal}
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                \begin{document}$${\bar{\rm M}}$$\end{document}$ points is enhanced by a photoemission final-state effect. Due to the sensitive dependence of the bulk band inversion on the lattice constant, the trivial to topological phase transition can be monitored during cooling by tracing the evolution of the bulk band gap^[@CR28]^ or by observation of the appearance of the Dirac cones in ARPES^[@CR15],\ [@CR26]^. Indeed, as seen in Fig. [1c--q](#Fig1){ref-type="fig"}, for our (111) films with low Sn concentrations and without Bi doping (*x* ~Sn~ = 10%, Fig. [1c, f, i, and l](#Fig1){ref-type="fig"}), the Dirac cone at the $\documentclass[12pt]{minimal}
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                \begin{document}$$\bar \Gamma $$\end{document}$ point does not form down to 22 K, while for *x* ~Sn~ = 20% (Fig. [1d, g, j, and m](#Fig1){ref-type="fig"}) and *x* ~Sn~ = 28% (Fig. [1e, h, k, and n](#Fig1){ref-type="fig"}), the gapless Dirac cone appears at around 90 and 130 K, respectively.Fig. 1Trivial to TCI phase transition induced by cooling. The phase transition into a topological crystalline insulator (TCI) is monitored for undoped Pb~1−*x*~Sn~*x*~Se (111) films by ARPES around the $\documentclass[12pt]{minimal}
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                \begin{document}$${\bar{\rm M}}$$\end{document}$ points. **b** At these momenta, Dirac points appear in ARPES. **c**--**q** ARPES data measured at 18 eV photon energy as a function of temperature and Sn content. The *x* ~Sn~ = 10% sample (**c**, **f**, **i**, and **l**) remains trivial down to low temperature as seen from the persistence of a band gap. For *x* ~Sn~ = 20% (**d**, **g**, **j**, and **m**) and 28% (**e**, **h**, **k**, and **n**), gapless Dirac cones develop at low temperature due to the inversion of the bulk band gap. Panels **o**--**q** show the comparison of the measured surface (Dirac cone) band gap (red squares) with the bulk band gap (blue line) from optical data^[@CR27]^, evidencing that the surface gap closes when the bulk band gap changes sign. The error bars in the measured surface band gap correspond to the uncertainty in determining the energy position of the band dispersions at the $\documentclass[12pt]{minimal}
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                \begin{document}$$\bar \Gamma $$\end{document}$-point (see Supplementary Note [6](#MOESM1){ref-type="media"} for details). The ARPES dispersions were acquired using linearly polarized *p* + *s* photons incident on the sample under an angle *ϕ* = 45° as shown in **a** (see also Supplementary Note [5](#MOESM1){ref-type="media"})

Impact of Bi incorporation in the bulk {#Sec4}
--------------------------------------

Figure [2](#Fig2){ref-type="fig"} shows the effect of bulk Bi doping on the $\documentclass[12pt]{minimal}
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                \begin{document}$$\bar \Gamma $$\end{document}$ Dirac cone of Pb~0.72~Sn~0.28~Se. When substitutionally incorporated at cation (Pb, Sn---group IV) lattice sites, the group V element Bi acts as electron donor due to its excess valence electron^[@CR29]^. Increasing the Bi concentration *n* ~Bi~ thus leads to a strong upward shift of the Fermi level by 200 meV for *n* ~Bi~ = 2.2% (Fig. [2a--e](#Fig2){ref-type="fig"}). Remarkably, while for undoped Pb~0.72~Sn~0.28~Se, an intact Dirac cone is seen at 30 K, a surface gap as large as \~100 meV opens up at the $\documentclass[12pt]{minimal}
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                \begin{document}$$\bar \Gamma $$\end{document}$does not close. Figure [2h--n](#Fig2){ref-type="fig"} demonstrates that within the experimental error bars, this gapped surface state does not disperse with the photon energy, i.e., momentum perpendicular to the surface plane, pinpointing its two-dimensional nature (see also Supplementary Fig. [8](#MOESM1){ref-type="media"} and discussion in Supplementary Note [7](#MOESM1){ref-type="media"}). This observation is important to rule out that the probed state corresponds to the gapped bulk states.Fig. 2Doping effect and gap opening at $\documentclass[12pt]{minimal}
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                \begin{document}$$\bar \Gamma $$\end{document}$ point for *n* ~Bi~ = 2.2%. **f**, **g** Dependence of the surface band gap Δ on temperature and *n* ~Bi~. The error bars correspond to the uncertainty in determining the energy position of the band dispersions at the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\bar \Gamma $$\end{document}$-point (Supplementary Note [6](#MOESM1){ref-type="media"}). **h**--**m** Photon energy dependence for *n* ~Bi~ = 2.2%, indicating that the gapped surface state (SS) is two-dimensional. At high binding energies, the dispersion of the bulk-valence band (BVB) with photon energy (marked with horizontal white arrows) can be distinguished from the lower half of the SS. The dispersion of the bulk-conduction band (BCB) can be observed between 18 and 20 eV, while the size of the surface gap remains qualitatively unchanged as indicated by horizontal dashed lines. **n** Energy-momentum dispersions of the upper and lower part of the SS as extracted from fits to results shown in **h**--**m** (see Supplementary Fig. [8](#MOESM1){ref-type="media"} and Supplementary Note [7](#MOESM1){ref-type="media"} for details). The error bars given in the legend represent the maximum uncertainty in determining the corresponding band dispersions
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Discussion {#Sec5}
==========

Due to the bulk-boundary correspondence, the formation of the Dirac cones at the surface indicates a bulk band inversion at the parent momenta in the Brillouin zone as indicated by Fig. [1a](#Fig1){ref-type="fig"}. The band structures and shape of the Dirac cones corresponding to the different topological phases are illustrated schematically in Fig. [4a--c](#Fig4){ref-type="fig"}, where the open and closed Dirac cones are colored such as to indicate the changes of the predominant charge density at the anion (orange) and cation sites (blue) occurring during the band inversion (see Supplementary Fig. [11](#MOESM1){ref-type="media"} and Supplementary Note [9](#MOESM1){ref-type="media"}). The topological phase transition so far reported for Pb~1−*x*~Sn~*x*~Se^[@CR15],\ [@CR26]^ occurs between trivial (Fig. [4a](#Fig4){ref-type="fig"}) and TCI phase (Fig. [4b](#Fig4){ref-type="fig"}) where all bulk band inversions behave equally. For the new topological phase transition into the Z~2~ topological insulator phase (Fig. [4c](#Fig4){ref-type="fig"}), the bulk band inversion along the momenta normal to the surface does not occur, triggered by the Bi doping. This means the discovery of two new topological phase transitions in Pb~1−*x*~Sn~*x*~Se: (i) from trivial to Z~2~ topological by cooling and (ii) from topological crystalline to Z~2~ topological by adding Bi. The resulting topological phase diagram (Fig. [4d](#Fig4){ref-type="fig"}) derived from our data shows the interdependence of these two pathways.Fig. 4Topological phase transition as a function of Bi doping and temperature. Schematic illustration of the transition from (**a**) trivial to (**b**) topological crystalline insulator (TCI) and eventually to (**c**) strong Z~2~ topological insulator. **d** Topological phase diagram derived from our ARPES data for *x* ~Sn~ = 28%. The phase diagram contains a trivial phase at high temperature (positive gap Δ at all four *L*-points) with massive gapped cones at $\documentclass[12pt]{minimal}
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The observed behavior resembles the predictions by Plekhanov et al.^[@CR24]^ for SnTe. SnTe is known for its ferroelectric phase transition in which the anion and cation sublattices are shifted against each other along the \[111\] direction^[@CR17]^, connected to a transverse optical phonon softening^[@CR30]^. Plekhanov et al.^[@CR24]^ tested small displacements and theoretically predicted that for a certain range of displacements a Z~2~ topological insulator can exist.

In general, all IV--VI compounds are close to such a structural phase transition due to their mixed covalent-ionic bonding. They belong to the family of 10 electron systems and crystallize either in the cubic rock salt, rhombohedral, or orthorhombic structure. As calculated by Littlewood^[@CR31],\ [@CR32]^, the type of structure in which a IV--VI compound crystallizes critically depends on the values of two bond orbital coordinates---one is a measure of the ionicity and the other of covalency or *s--p* hybridization, and based on these a phase diagram has been established^[@CR31],\ [@CR32]^. Due to the not fully saturated *p*-bonds, the rock salt structure is inherently unstable against rhombohedral distortions^[@CR31]--[@CR33]^, which reduces the six nearest neighbors to three. The cubic/rhombohedral phase boundary is determined by the electronegativity difference between the constituting elements and as a physical explanation of the instability the resonating bond model was invoked^[@CR34]^. For the six nearest neighbors, the number of available *p*-electrons (six per atom pair) is not sufficient to stabilize the cubic bonds^[@CR35]^. Thus, SnTe and GeTe assume a rhombohedral structure and even for PbTe minute addition of \<0.5% of Ge suffices to drive Pb~1-*x*~Ge~*x*~Te into the rhombohedral phase, rendering it ferroelectric^[@CR36],\ [@CR37]^. Thus, very small changes on the group IV lattice sites give rise to structural phase transitions. Indeed, for our Bi-doped films, we find a small Bi-induced rhombohedral distortion along the \[111\] direction using x-ray diffraction (Supplementary Figs. [4](#MOESM1){ref-type="media"}--[6](#MOESM1){ref-type="media"} and Supplementary Note [4](#MOESM1){ref-type="media"}). This indicates a ferroelectric inversion symmetry breaking as the underlying physical mechanism, which has been suggested to be much enhanced at the surface^[@CR21],\ [@CR38]^. Because of the (111) orientation of our films, this symmetry breaking lifts the even number degeneracy of the Dirac cones such that a gap is opened only at the $\documentclass[12pt]{minimal}
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Finally, we would like to address the role of Bi as decisive ingredient for symmetry breaking even at small concentrations. Bi is another 10 electron system^[@CR33]^, covalently bonded and crystallizing in a rhombohedral structure. Accordingly, when incorporated at group IV lattice sites in Pb~1−*x*~Sn~*x*~Se, it shifts the alloy toward a more covalently bonded structure in the phase diagram^[@CR31],\ [@CR32],\ [@CR39]^. Moreover, on such lattice sites, Bi also reduces the cation vacancy concentration and the latter strongly enhances the ferroelectric Curie temperature *T* ~C~ of the cubic-to-rhombohedral phase transition^[@CR30],\ [@CR35],\ [@CR38],\ [@CR40]^. Indeed, in SnTe thin films with reduced vacancy concentration, ferroelectricity up to room temperature was recently reported^[@CR38]^. Thus, both effects of the Bi, higher covalency, and lower vacancy concentration, contribute to structural symmetry breaking and trigger the novel TCI-to-Z~2~ topological phase transition discovered in the present work.

Methods {#Sec6}
=======

Sample growth and characterization {#Sec7}
----------------------------------

Epitaxial growth of (111) Pb~1−*x*~Sn~*x*~Se films on BaF~2~ substrates was performed using molecular beam epitaxy (MBE) in ultrahigh vacuum conditions better than 5 × 10^−10^ mbar at a substrate temperature of 380 °C. Effusion cells filled with stoichiometric PbSe and SnSe were used as source materials, as well as a ternary Pb~1−*x*~Sn~*x*~Se source with *x* ~Sn~ = 25%. Bi-doping was realized using a Bi~2~Se~3~ effusion cell. The chemical composition of the layers was varied over a wide range from *x* ~Sn~ = 0 to 40% by control of the SnSe/PbSe beam flux ratio, and a two-dimensional growth was observed by in situ reflection high-energy electron diffraction (Supplementary Fig. [1](#MOESM1){ref-type="media"}). The film thickness was in the range of 1--3 µm.

High-resolution ARPES {#Sec8}
---------------------

For the ARPES measurements, the films were capped in situ in the MBE chamber with a 200 nm thick amorphous Se layer at room temperature to protect the surface against oxidation during transport to the BESSY II synchrotron radiation source in Berlin, Germany. There the Se cap was completely desorbed in the ARPES preparation chamber by annealing at about 230 °C for 15 min in 3 × 10^−10^ mbar. ARPES measurements were performed at the UE112-PGM2a beamline of BESSY II at pressures better than 1 × 10^−10^ mbar using linearly polarized *p* + *s* photons incident on the sample under an angle *ϕ* = 45°. We used photon energies between 18 and 23 eV for the temperature-dependent ARPES measurements of the band dispersions, and a photon energy of 90 eV for the core levels (see Supplementary Fig. [12](#MOESM1){ref-type="media"} and Supplementary Note [10](#MOESM1){ref-type="media"}). Emitted photoelectrons were detected with a Scienta R8000 electron energy analyzer at the ARPES 1^2^ endstation. Overall resolutions of the ARPES measurements were 5 meV (energy) and 0.3° (angular).

Composition and structural characterization {#Sec9}
-------------------------------------------

The composition of the epilayers was determined using high-resolution x-ray diffraction and the Vegard's law (Supplementary Fig. [2](#MOESM1){ref-type="media"} and Supplementary Note [2](#MOESM1){ref-type="media"}). We employed a Seifert diffractometer equipped with primary and secondary monochromator crystals. Upon Bi incorporation, the rhombohedral lattice distortion was determined from reciprocal space maps recorded around the (513) reflection (see Supplementary Figs. [4](#MOESM1){ref-type="media"}--[6](#MOESM1){ref-type="media"} and Supplementary Note [4](#MOESM1){ref-type="media"}).

Electrical characterization {#Sec10}
---------------------------

The dopant concentration and transport properties were assessed by Hall effect measurements at 77 K (Supplementary Fig. [3](#MOESM1){ref-type="media"} and Supplementary Note [3](#MOESM1){ref-type="media"}), evidencing carrier mobilities as high as 10^4^ cm^2^ V^−1^ s^−1^ in dependence of the carrier concentration.
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